In Arabidopsis thaliana, ethylene perception and signal transduction into the cell are carried out by a family of membrane-bound receptors, one of which is ethylene resistant 1 (ETR1). The large cytoplasmic domain of the receptor showed significant sequence homology to the proteins of a common bacterial regulatory pathway, the two-component system. This system consists of a transmitter histidine kinase and a response regulator (or signal receiver). We present the crystal structures of the first plant receiver domain ETR RD (residues 604-738) of ETR1 in two conformations.
Introduction
Unlike animals, plants grow and develop throughout their lives. In addition to the need to supervise their development continuously, plants have to cope with a multitude of abiotic and biological challenges. Consequently, they have evolved a sophisticated and versatile system of signal interpretation and response, which is quite different from that of animals. The profound effects of ethylene on pea seedling development demonstrated that this simple gaseous chemical can act as a signaling molecule [1] . Previously, much progress has been made towards elucidating and understanding the central role of the signal-transduction pathway of ethylene [2, 3] . Climacteric plants employ ethylene as a hormone to regulate a diverse set of developmental and physiological processes. Primarily known for its role in fruit ripening, ethylene also controls seed germination, flower development, leaf abscission, senescence and adaptive responses to stress, such as heat, cold, flooding, UV-irradiation and pathogen attack [4] . The conspicuous changes displayed by dark grown, dicotyledonous seedlings, when exposed to ethylene, are referred to as triple response (inhibition of root and hypocotyl elongation, radial swelling and exaggeration of the apical hook). Abnormalities of the triple response have been exploited to identify genes involved in the ethylene response pathway. Ethylene production is autocatalytic, and its biosynthesis occurs in the Yang cycle [5] . Induction of ethylene production is controlled by a variety of inducers and environmental stimuli [2] .
In the higher plant Arabidopsis thaliana, ethylene is perceived by ethylene resistant 1 (ETR1) [6] and probably ETR2, ethylene response sensor 1 (ERS1), ERS2 and ethylene insensitive 4 (EIN4) [7, 8] . ETR1 was the first member of this putative ethylene receptor family to be cloned [9] . Meanwhile, ethylene receptors have been cloned from several other plants, including tomato, tobacco, apple, cauliflower and muskmelon (CC Lashbrook et al., unpublished observations; [10] [11] [12] ; K SatoNara et al., unpublished observations). The N terminus of ETR1 contains three closely spaced hydrophobic regions, which were predicted to be transmembrane helices [9] . ETR1 was subsequently found to exist as a disulfidelinked homodimer associated to membrane fractions [13] and the ethylene-binding site was demonstrated to reside in the N-terminal 165 residues [6] , most of which are predicted to be located within the membrane. Binding of ethylene in the membrane is reasonable, considering that it is 14 times more soluble in lipids than in water [4] . Surprisingly, the cytoplasmic, C-terminal 400 residues of ETR1 exhibited significant sequence similarity to the bacterial two-component system [9] . It was widely assumed, that the two-component system is exclusively used by bacteria to adapt to changing environments. Processes regulated by the two-component system in bacteria include sporulation, pathogenicity, virulence, chemotaxis and membrane transport [14] . Prokaryotic two-component systems typically consist of a sensor, often located in the cytoplasmic membrane, and a cytosolic response regulator. Sensors contain a C-terminal transmitter domain, a histidine kinase of about 240 amino acids, and the response regulators share an N-terminal motif of about 120 amino acids, known as the receiver domain [15] . A signal, detected by the N-terminal input domain of the sensor, modulates the transmitter activity to autophosphorylate on a histidine residue. This phosphoryl group is subsequently transferred to an aspartate residue in the target receiver domain. Phosphorylated receivers activate or inhibit their output domains [15] . Bacterial output domains are often DNA-binding modules, regulating transcriptional activity [16, 17] . In some bacterial two-component pathways several transmitters and receiver modules in succession create a phosphorelay cascade, which increases the number of points that can be regulated [18] .
Recently, a small number of eukaryotes have been discovered that utilize the two-component signaling system [19, 20] , which was thought to be unique to bacteria. These examples, ETR1 included, appear to regulate extended downstream effector cascades [21] . In other words, in contrast to prokaryotic two-component systems, the output activities of eukaryotic two-component systems lie further upstream of the ultimate regulators of gene expression. None of the eukaryotic response regulators resemble transcription factors [21] , with the possible exception of the signaling protein Skn7 in Saccharomyces cerevisiae [22] . ETR1 is a hybrid two-component system because the transmitter and receiver domains reside in the same molecule. The receiver domain of ETR1 has no output domain, which suggests that its function is either to modulate the activity of the receptor itself, or the substrates of the receptor.
As with some of the other known eukaryotic two-component systems, ETR1 appears to regulate the eukaryotic mitogen-activated protein kinase (MAPK) cascade. Physical interaction between ETR1 and constitutive triple response 1 (CTR1), the only known target of ETR1, was demonstrated both in vitro and in yeast two hybrid assays [23] . CTR1 was the first gene of the ethylene pathway to be cloned. It is a negative regulator of the ethylene response in Arabidopsis thaliana because loss of function mutants exhibited a constitutive triple response, even in the absence of ethylene [24] . CTR1 has been suggested to be a MAPK pathway regulating Ser/Thr kinase because of its sequence homology to the Raf kinase [24] . The histidine kinase domain of ETR1 (residues 293-610) is sufficient for binding CTR1 but binding is much stronger in the presence of the receiver domain [23] . On the basis of the sequence homology of CTR1 and Raf and on the structural homology of receiver domains and the GTP-binding protein Ras, regulation of CTR1 through ETR1 had been suggested [3] before a direct interaction was demonstrated.
The receiver domain of ETR1 (ETR RD , residues 604-738) is very similar to the canonical prokaryotic receiver domains. ETR RD is a dimer in solution and in the crystal. The dimer interface comprises the C terminus, which forms an extended β strand with the dimer related five-stranded β core. Oligomerization of bacterial response regulators has been observed and the role of the receiver domain has been discussed for OmpR (outer membrane protein R) [25] , NtrC (nitrogen regulatory protein C) and PhoB (phosphate regulon transcriptional regulatory protein) [26] . Because the dimer interface of ETR RD coincides with the complex interface of CheY-CheA [27] and the intramolecular interface of CheB [28] , we suggest that the interface interaction of ETR RD is phosphorylationdependent as it is for CheY and CheB. The active-site architectures of the Mg 2+ -bound forms of CheY from Escherichia coli [29] and Salmonella typhimurium [30] include parts of the γ loop, which immediately succeeds the phosphorylatable aspartate. The corresponding arrangement of residues is believed to show the active site primed for phosphorylation. In the metal-free form of ETR RD , the γ loop adopts a conformation that does not allow a comparable participation. Unless the γ loop undergoes large conformational changes, the active site of ETR RD has a different architecture.
Results

Structure of the monomer
ETR RD forms a small, single domain and folds in a well defined (β/α) 5 fashion with a parallel, five-stranded β-sheet core (strand order β5,β4,β3,β1,β2), sandwiched by two helices on one side and three helices on the other (Figure 1 ). The fold is similar to the bacterial chemotaxis receiver domain CheY from E. coli (CheY Eco ) [31] despite a lack of sequence similarity (17.6% sequence identity for the 136 residues of ETR RD ), based on a structural alignment. For both structures 110 C α atom pairs (82% of ETR RD ) can be superimposed with a root mean square deviation (rmsd) of 1.5 Å, whereas the rmsd is 3.2 Å for 126 equivalent C α atom pairs. All major conformational differences between ETR RD and CheY Eco are located in loops, the most conspicuous one is in loop L5 (see below). Loops L4, L6 and L7 connect helix α2 and strand β3, α3 and β4, and β4 and α4, respectively. The former two loops contain the insertion of Asn31 in CheY Eco and a three-residue insertion in ETR RD , respectively. The large insertion in ETR RD is accompanied by an extension of the preceding helix α3 by four residues (≈ 1 turn), enabling mutual contacts between loops L6 within a pair of molecules forming a dimer (see below).
Loop L5 is also called the γ loop and assumes different conformations in the structures of ETR1, CheY Eco and nitrate/nitrite response regulator protein (NarL) [32] ( Figure 2 ). In CheY Eco the γ loop interacts with loop L3, including two hydrogen bonds, whereas in ETR RD this loop is flipped over to the opposite end, interacting with helix α4. The mainchain carbonyl of Gly62 from loop L5 forms a hydrogen bond with the ε-amino group of Lys100 of helix α4. This close contact results in a different orientation of the N-terminal end of helix α4 and the adjacent loop L7, which are pushed outwards when compared with the corresponding fragment in CheY Eco . In NarL the γ loop adopts a conformation in between those found for ETR RD and CheY Eco . The largest distance of equivalent C α atoms between ETR RD and CheY Eco in these conformations is 13.6 Å. Only two residues from a symmetry-related molecule are within 3.6 Å of the loop in ETR RD , which protrudes into a small solvent-filled cavity. Crystal contacts are not responsible for the observed conformation of the γ loop of ETR RD . Although the γ-loop conformation of CheY Eco is confined by crystal contacts, the same loop adopts an identical conformation in the Mg 2+ ligated form of CheY Eco [29] . In this crystal environment the γ loop is not restricted by crystal contacts (only one van der Waals contact < 3.6 Å), suggesting the observed γ-loop conformation of CheY Eco to be intrinsic.
Structure of the dimer
Although the crystals contained only one molecule per asymmetric unit, ETR RD is in a dimeric state, as indicated
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Figure 1
Ribbon representation of the ETR RD monomer. The order of the β strands and α helices is indicated, the position of the phosphorylatable Asp57 is shown by the red ball. The strand break at residue 78 (loop L6) is indicated by the dotted line. The figure was prepared with MOLSCRIPT [53] and RASTER3D [54] .
Figure 2
Stereoview superimposition of ETR RD (blue), CheY (red) and NarL (green) showing the different conformations of the γ loop (top) among the receiver domains. For clarity, helices α1 and α5 have been omitted. The strand breaks are marked by the residue number at which they occur in ETR RD .
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Structure by numerous interactions between pairs of molecules that are related by a crystallographic dyad. From all crystallographic contacts (distance cut-off of 3.6 Å), that were observed, 69% (32 of 46) and 57% (16 of 28) are found between pairs of molecules in the 2.5 Å and 2.8 Å resolution structures, respectively. We also observed dimers by otherwise ordinary sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE), when applying ETR RD samples in a non-reducing sample buffer containing no SDS. Additionally, dynamic light scattering experiments predict a molecular weight for the ETR RD used for crystallization of 34 kDa, which is in good agreement with the calculated molecular mass (M r ) for the dimer of 30.6 kDa. The ability to oligomerize was shown for several bacterial receiver domains. OmpR dimerizes in a phosphorylation dependent way in vitro [25] , and NtrC and PhoB form dimers in vitro and in vivo in a phosphorylation independent manner [26] . Whereas the X-ray structure of the receiver domain of PhoB is consistent with dimer formation [33] , the nuclear magnetic resonance (NMR) structure of the receiver domain of NtrC was monomeric [34] .
The dimer interface of ETR RD consists of two nearby areas, comprising loop L6 and the C terminus of ETR RD . The former contributes about 20% to the total amount of interface area and includes three hydrogen-bond forming residues. These hydrogen bonds are between the sidechains of Gln79, Arg80 and Gln82 and their dimerrelated peers Gln79′, Arg80′ and Gln82′. It should be mentioned that the temperature factor for this loop is very high (> 70 Å 2 ), the corresponding flexibility accommodating a range of different dimer conformations (see below). In the 2.5 Å resolution structure we did not observe any density for residue Lys78 and only weak density for the guanidinium moiety of Arg80. For the 2.8 Å data set, however, we found connected electron density for the entire backbone. Helix α3, preceding loop L6, is four residues (≈ 1 turn) longer in ETR RD than in CheY Eco , which enables the described interactions and provides an explanation for the three residue long insertion (Figures 3a,b) .
Seven additional residues (Glu128-Glu134) extend from the C-terminal helix α5 in ETR RD . This tail points away from the molecule in a stretched fashion and protrudes into the adjacent asymmetric unit. After bridging an approximately 10 Å long gap between the monomers, it reaches into a shallow groove lined by helices α4′ and α5′ on the sides and β5′ on the bottom (Figures 3a,b) . Leu132, Tyr133 and Glu134 of the extension form a parallel strand β6 with β5′ of the neighboring molecule, increasing the five-stranded β core of each monomer to six strands. No electron density was found for the two C-terminal residues Gly135 and Met136, as well as for most of the sidechains of Tyr133 and Glu134. The density for the backbone atoms was unambiguously interpretable and confirmed in simulated-annealing omit maps [35] . For NtrC and PhoB, the dimerization of the response regulator is phosphorylation dependent. In both cases, however, their isolated receiver domains are constitutively dimerized [26] . This interaction regulates the activity of their C-terminal output domains. We expect the dimerization of ETR RD to be different because the largest part of its dimer interface involves the entire C terminus, which is not succeeded by another domain. It is, therefore, hard to imagine the same kind of dimer interaction for NtrC or PhoB.
The differences in cell parameters between the 2.5 Å and 2.8 Å data sets are caused by different orientations of the ETR RD monomer in the asymmetric unit. Superposition of the contents of the asymmetric units required a 1.6 Å translation of the refined models, roughly along the c c axis, together with a 8° rotation. With respect to the dimer, the observed differences can be described as a relative movement of the monomers within a dimer, corresponding to an approximately 11° rotation and a 5 Å translation. The loops connecting helices α5 and strands β6 serve as hinges during this movement (Figure 3b ).
The major part (80%) of the dimer interface area involves the shallow groove, made up by α4, β5 and α5, accommodating the C-terminal extension forming β6′. This shallow groove also participates in molecular interactions in the complex of CheY Eco with its cognate histidine kinase CheA [27] and in the intramolecular interface of the chemotactic methylesterase CheB [28] . PhosphoCheY dissociates from the signaling complex [36] . In CheB the active site of the C-terminal methylesterase is part of the intramolecular interface and inaccessible [28] . In both cases, one result of phosphorylation is the release of the interface interactions. The exact events occurring upon phosphorylation of receiver domains are still unknown. What is known from NMR studies, however, is that conformational changes extend into areas beyond the actual phosphorylation site [37] . A comparison of the three interfaces of ETR RD , CheY Eco and CheB showed, that they overlap to a large extent. Thirteen residues from the shallow groove contribute to the dimer interface in ETR RD . We identified structurally equivalent residues in the superimposed interfaces of CheY Eco , CheB and ETR RD , the distances between equivalent C α atom pairs were between 0.4 and 1.85 Å. Six and eight corresponding residue pairs were found for CheY and CheB, respectively (Figure 4) . Even though there is no sequence conservation among these residue pairs, reflecting their accommodation of entirely different surfaces, we suggest the interface interaction of ETR RD to also be released upon phosphorylation.
The total interface excludes about 2120 Å 2 of surface area from the solvent, which is 1060 Å 2 , or 14%, of the total surface per monomer. This value is very well within the limits found in other stable protein complexes [38] . A sequence alignment of known homologs of ETR1 shows a high degree of conservation among their receiver modules, suggesting the same kind of dimer interaction among them ( Figure 5 ).
Active site
All receiver domains comprise four highly invariant residues, which correspond to Asp14, Glu15, Asp57 and Lys112 in ETR RD (b,c) Stereoview C α traces of the ETR RD dimers, the 2.5 Å structure is shown in blue and the 2.8 Å structure in green. The two representations are related by a 90°rotation around a vertical axis. The strand break at residue 78 in the 2.5 Å structure is indicated by the dashed line.
CheY Eco ). Asp14, Glu15 and the phosphate-accepting Asp57 form an acidic pocket. Lys112 points into this acidic pocket and participates in a hydrogen-bonding network that also includes several water molecules. O δ1 of the carboxylate sidechain of Asp57 is hydrogen bonding with Lys112 and O δ2 with the mainchain amide of Cys59 (Figure 6a ). Water molecules included, this network satisfies all possible interactions of Asp57 and Lys112 and resembles the one found in CheY Eco [31] (Figure 6b ). Even though the positions and conformations of Asp14, Asp57 and Lys112 are strikingly similar to the corresponding residues in CheY, there is an important difference in the hydrogen-bonding architecture of their active sites. Because of the different γ-loop conformations in the two receiver domains, the hydrogen bond of the sidechain carboxylate of the phosphate-accepting aspartate with the mainchain amide (Cys59 in ETR RD , Asn59 in CheY Eco ) point in different directions (Figure 6b) . A water molecule satisfies the remaining free electron pair of O δ2 of the aspartate in both structures, but it is located on opposite sides of the γ loop.
Phosphorylation of CheY Eco by its cognate histidine kinase
CheA is Mg 2+ -dependent, and binding of Mg 2+ in the conserved acidic pocket suggests a common mechanism of phosphotransfer in receiver domains [30, 39] . In CheY, the cation is ligated directly by Asp13, Asp57 and the backbone carbonyl of Asn59, and indirectly by water molecules. A participation of the mainchain carbonyl of Cys59 in ETR RD , comparable to Asn59 in CheY Eco , is impossible in the current γ-loop conformation because it points out of the acidic pocket. The architecture of the active center of ETR RD , therefore, immediately prior to a phosphoryltransfer, will be different from the one of CheY Eco , unless the γ loop undergoes a dramatic conformational change.
Molecule recognition
A prominent feature of the receiver domains is their γ loop, which is located immediately adjacent to the Molecular surface of ETR RD showing the dimer interface in color. The two nearby contact areas correspond to loop L6 (lower area in blue) and the groove in blue, red, magenta and green. This orientation of ETR RD relates to Figure 1 by a 45° rotation around a vertical axis. Different colors reflect the following: green, surface area overlapping in CheB and ETR RD ; magenta, surface area overlapping in CheY Eco and ETR RD ; red, the part of the interface found in all three receiver domains, CheY Eco , CheB and ETR RD ; blue, interface area of ETR RD only. For clarity, the five C-terminal residues of ETR RD were truncated. The figure was produced with the program GRASP [55] .
Figure 5
Alignment of receiver domains of ETR1-like ethylene receptors from A. thaliana (ETR1_Arath), cauliflower (ETR1_cauli), apple (ETR1_apple), muskmelon (ETR1_melon), tobacco (ETR1_tobac) and tomato (ETR1_tomat). Identities among all six domains are in bold. The top line indicates the secondary structure elements, as found in ETR RD , as well as the phosphorylatable Asp (*) and residues for which no electron density was found in the structure of ETR RD (?).
Residues involved in the dimer interface of ETR RD are also indicated (!). phosphorylation site. Connecting strand β3, which contains the strictly conserved, phosphate-accepting aspartate residue at its C terminus and helix α3, this loop is thought to play an important part during intermolecular recognition, because of its high degree of solvent accessibility and close proximity to the active site [40] . It has been dubbed γ loop for the rare occurrence of a γ turn in the loop of CheY Eco . An alignment of the CheY superfamily, on the basis of 79 sequences of bacterial receiver domains with less than 60% pairwise identity, revealed a consensus sequence for the γ loop to be MPX 1 X 2 X 3 G [40] in single-letter amino acid code; X 1 is G, D, E, N, K or R in 87% of the aligned sequences and is at the center of the γ turn, X 2 is M, I or L in 63% of the aligned sequences and X 3 is D, N, S or T in 91% of the sequences. The corresponding sequence for ETR RD is MPGVEN.
Six different bacterial receiver domains are structurally characterized: CheY [31] , NarL [32] , CheB [28] and PhoB [33] using X-ray crystallography; and Spo0F [41] and NtrC [34] using NMR. In NtrC the γ loop is poorly defined. In CheY, CheB, PhoB and Spo0F the γ loop adopts a conformation in which it packs against loop L3. The same loop has flipped over to the opposite side in ETR RD , where it interacts with helix α4 (Figure 2 ). In this conformation the loop adopts a type-II′ turn [42] . There are remarkable similarities between Ras and receiver domains on a structural level and between Raf and CTR1 on a sequence level [24] , which raised the possibility of a fundamental mechanistic relationship between signal transduction in the Ras/Raf and two-component systems [43] . Inactive Ras is ligated with GDP. Its activation by cell surface receptor initiated mitogenic and developmental signals results in the exchange of GDP for GTP, leading to concomitant
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Figure 6
Stereoview of the active site of ETR RD . The sidechain of Glu15 has been taken from the 2.8 Å structure and superimposed onto the depicted 2.5 Å structure, of which the corresponding sidechain is missing. structural changes in two surface loops, termed switch I and switch II [44] . The extraordinary conformational flexibility of the γ loop is consistent with its suggested involvement in molecular recognition and discrimination.
Biological implications
In prokaryotes, the adaptation to a variety of environmental changes is mediated by the two-component system, which directly alters gene expression in response to specific signals. Signal recognition and transduction are facilitated by a histidine kinase and its cognate response regulator, with the histidine kinases sharing a common core of 250 amino acid residues and the response regulators sharing an N-terminal receiver domain of about 120 residues. Autophosphorylation activity of the histidine kinase, at the expense of ATP, is modulated by signal binding; subsequent phosphoryltransfer to the receiver domain controls the activity of the output domain of the response regulator, usually a transcription factor.
Only a few two-component homologs have been found in eukaryotes, so far. They differ from the paradigmatic prokaryotic system in one respect. None of the known eukaryotic response regulators, with the exception of the signaling protein Skn7 in Saccharomyces cerevisiae, resemble transcription factors. In Arabidopsis thaliana the signal transduction pathway of ethylene is initiated by a family of membrane-bound ethylene receptors, one of which is ethylene receptor 1 (ETR1). ETR1 is a hybrid two-component system, because the histidine kinase and the receiver domain are part of the same molecule. Lacking an output domain, the receiver domain either modulates the receptor activity itself or modifies the activity of the receptor towards substrates. Direct interaction of ETR1 with constitutive triple response 1 (CTR1), a Ser/Thr kinase with homology to the mitogen-activated protein kinase (MAPK) Raf, has been demonstrated and is largely enhanced by the receiver domain of ETR1. The structure of the first eukaryotic receiver domain, ETR RD , revealed the expected structural resemblance to bacterial receiver domains and some new features.
Unphosphorylated ETR RD forms a homodimer. Dimerization of bacterial receiver domains has been shown to regulate the activity of their C-terminal output domains. Because the dimer interface of ETR RD predominantly involves the C terminus, we expect this mode of dimerization to be quite different from that observed for prokaryotic receiver domains in their regulation of their output activity. Large parts of the dimer interface of ETR RD coincide with the phosphorylation-dependent interface of CheY in its complex with CheA and with the intramolecular interface of CheB. Hence, we expect the dimerization of ETR RD to also be dependent on phosphorylation. Conceivably, this could affect the interaction of ETR1 with CTR1, suggesting a role for the receiver domain. Also, the conformation of the γ loop of ETR RD is unique, when compared with other receiver domains such as CheY, CheB, PhoB, Spo0F or NarL. This loop is immediately adjacent to the phosphate-accepting aspartate and has been suggested to be involved in molecular recognition. It is unknown whether its conformation is phosphorylation-dependent or not. Receiver domains share structural similarity with Ras. A participation of the γ loop in the activation of CTR1 cannot be deduced from the current structure, but it demonstrates the receiver domains structural versatility of this surface area, further corroborating its suggested involvement in molecular recognition and discrimination.
Materials and methods
Crystallization and data collection
Protein and crystals of the receiver domain of ETR1 were obtained and flash frozen as previously described [45] .
A native data set at 2.5 Å resolution was collected at cryotemperature on our R-AXIS II image plate detector mounted on a Rigaku X-ray generator. These crystals were of space group P4 3 2 1 2 with cell parameters of a = b = 47.92 Å and c = 111.79 Å and a solvent content of 41% (V m = 2.1 Å 3 Da -1 ) [46] with one molecule per asymmetric unit. The multiple anomalous diffraction experiment [47] was conducted at cryotemperature on beamline X12C at the NSLS, Brookhaven National Laboratory (Upton, USA) using a Brandeis CCD detector. Diffraction data were collected from a single crystal applying reverse-beam geometry. The crystals were of the same space group with different unit-cell dimensions of a = b = 50.70 Å and c = 111.64 Å and had a solvent content of 48% (V m = 2.4 Å 3 Da -1 ). The change in cell parameters is because of different orientations of ETR RD (see text). All data were processed and scaled with the HKL program package [48] . Data collection statistics are given in Table 1 .
Structure determination and refinement
The sites of five of the expected seven selenium atoms per molecule were located, refined and phased using the program package CCP4 [49] and with the program SOLVE [50] . Initial SOLVE phases were improved by density modification with DM [49] . Histogram matching and solvent flattening increased the mean figure of merit from 61.2 to 69.5% at 2.8 Å resolution in spacegroup P4 1 2 1 2. The corresponding values in the enantiomorphic space group P4 3 2 1 2 were 69.2% and 79.6%, respectively. This indicated the latter to be correct and the corresponding electron-density map calculated at 2.8 Å was of good quality.
Initial tracing of the chain was supported by a skeletonization of the map, as implemented in MAPMAN [51] . The skeleton allowed us to build a backbone comprising 117 out of 136 amino acid residues, with weak electron density at three of the loops. Subsequent rounds of model building were done by inspecting the corresponding 2F o -F c maps. The models were refined by simulated annealing and torsion angle refinement using the program CNS version 0.3 (Brünger, personal communication). After the third round of refinement we switched from the 2.8 Å, remote wavelength selenomethionine data set to the native data set with a resolution limit of 2.5 Å. Given that the cell parameters between the MAD data set and the native data set varied by almost 6% in a/b we performed a rigid-body refinement prior to continuing with the usual simulated annealing process. The rigid-body minimization indicated a translational difference of 1.3 Å along the c axis and a rotation of the molecule by more than 6°.
After the free R factor had dropped below 28%, simulated annealing was abandoned in favor of conventional positional minimization. The final model of the native data set at 2.5 Å resolution was refined to an R factor of 22.2% (R free = 27.1%) and has an overall high B factor of 59 Å 2 . Individual anisotropic B factors were refined for this data set. No electron density was found for residue Lys78, introducing one backbone break, for the C-terminal residues Gly135 and Met136, and for the sidechains of Ser3, Glu15, Glu41, Lys98, Leu111, Tyr133 and Glu134, for which alanines or glycines were modeled. The 2.8 Å data set was refined to an R factor of 24.5% (R free = 30.0%), with an uninterrupted backbone, but no density for Gly135, Met136 and several sidechains. In contrast to the 2.5 Å data set, the 2.8 Å data set was refined with a grouped anisotropic B factor. Refinement statistics for both molecules are given in Table 2 .
Structure superpositions and alignments
The structures of CheY Eco , NarL and CheB were superimposed on ETR RD using the lsq_explicit and lsq_improve subroutines in LSQMAN [52] . With lsq_explicit two sets of atoms are superimposed on the basis of a least square fit. We determined this set by choosing atoms from the structurally well conserved five-stranded β core. Starting from an initial transformation, lsq_improve iteratively maximizes the number of atom pairs and minimizes the rms deviation between those C α positions. All corresponding figures are on the basis of transformations determined by lsq_improve, except for the superposition of the 2.8 Å structure of ETR RD onto the 2.5 Å form. In order to point out the conformational changes within the dimer, the two structures were compared on the basis of residues 1-127, which stop at the last residue of helix α5 and exclude the C-terminal extension, involved in dimer contacts and the formation of the sixth β strand. 
Accession numbers
The coordinates have been deposited in the Protein Data Bank of the Research Collaboratory for Structural Bioinformatics (RCSB) with the accession code 1DCF. *λ 1 corresponds to the edge, λ 2 to the peak and λ 3 to the remote wavelength. † R sym = Σ ( I i -< I > i )/Σ I i , where I i is the intensity of the ith observation, and < I > i is the mean intensity of the reflection with Bijvoet pairs merged (A) or separated (B) during scaling. Table 2 Statistics for structure refinement of ETR RD .
Native data SeMet data (2.5 Å) (2. *Rms deviations from ideal target value were calculated with X-PLOR. † The Ramachandran plot was generated in PROCHECK [56] .
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